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The spins of the pentaquark states P.(4440) and P, (4457) play a decisive role in unraveling their nature,
but remain undetermined experimentally. Assuming that they are £.D* bound states, we demonstrate how

one can determine their spins by measuring the £} D(

correlation functions. We show that one can use the

>+ DO correlation function to fix the size of the Gaussian source and then determine the strength of the =} D*0
interaction of spin 1/2 and 3/2 and therefore the spins of the P.(4440) and P.(4457) states. The method
proposed can be applied to decipher the nature of other hadronic molecules and thus deepen our
understanding of the nonperturbative strong interaction.

DOI: 10.1103/PhysRevD.108.L031503

I. INTRODUCTION

In 2015, the LHCb Collaboration observed two penta-
quark states, P.(4380) and P.(4450), in the J/yp invari-
ant mass distribution of the A, - J/wpK decay [1]. The
analysis was updated in 2019 with ten times more data,
where the P.(4450) state was found to split into two
states, P.(4440), and P.(4457) and in addition a new state
P.(4312) was observed [2]. This is followed by the
observation of more pentaquark states containing strange-
ness [3] and in B decays [4,5]. Their nature as hadronic
molecules of XD [6-23], compact multiquark states
ccqqq [24-32], hadron-charmonia [33] or even threshold
effects and triangle singularities [34] have been proposed
and studied in detail, but no firm conclusion has been
reached.

An interesting and key issue related to the two penta-
quark states P.(4440) and P,(4457) is their spins, which
can help distinguish various theoretical interpretations. In
the £.D* molecular picture, their spin can be either 1/2 or
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3/2, which leads to two scenarios referred to as A and B in
Ref. [8]. In the one boson exchange (OBE) model, if one
includes the delta term of the spin-spin potential, scenario A
is preferred [6], while if the delta potential is neglected,
scenario B is preferred [18]. Recently Yalikun et al
characterized the delta potential with a parameter and their
results favored scenario B [22]. Later, Zhang et al. found
that a neural network-based approach can discriminate their
spins [35]. In Ref. [36], it is argued that one can study the
dibaryon states of £_.E... to determine the spins of P..(4440)
and P.(4457) because the dibaryon system and the penta-
quark system are related with each other via the heavy
antiquark diquark symmetry. We note that there have been a
large number of theoretical studies trying to distinguish their
spins from various perspectives, e.g., their masses [8,12,15],
the invariant mass distributions [16,37,38], their two-body
[10,19], three-body [23] and radiative [39] decays, magnetic
momenta [40-42], and even their production rates in the A,
decay [43] or in the inclusive processes [44—47]. Clearly, a
determination of the spins of the pentaquark states is
extremely important to verify their nature.

In recent years, femtoscopy, which measures two-hadron
momentum correlation functions (CFs) in high-energy
collisions, has made remarkable progress in probing the
strong interactions between various hadron pairs [48—68]. In
particular, it was shown that CFs can help reveal the
existence of bound states [69,70]. In this sense, femtoscopy
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offers a valuable means to directly test the hadronic
molecular picture. It is worthwhile to note' that the DD*
and DD* CFs have been employed to test the nature
of T{.(3875) and X(3872) as bound states of DD* and
DD* [71,72]. In three recent works, the CFs of the open-
charm D ¢ (where ¢ refers to a Nambu-Goldstone boson)
pairs in the (S,7)=(1,0) and (0,1/2) sectors and
the related D¥;(2317) as well as D{(2300) states were
studied [73-75]. Based on the square-well model, Ref. [73]
revealed some general features of CFs. For a moderately
attractive potential capable of generating a shallow bound
state, the low-momentum CF is above unity for a small size
source while below unity for a large size one. On the other
hand, for a strongly attractive potential that can generate a
deep bound state, it remains between zero and unity for
sources of all possible sizes. In addition, the recent meas-
urement of the pD~ CF by the ALICE collaboration
demonstrated that it is possible to access the charm sector
in experiments [76].

The measured CFs are usually spin-averaged and there-
fore can not be employed to directly probe the spin
configurations of hadron-hadron interactions. Nevertheless
together with other constraints, one can deduce the spin
dependence of the underlying hadron-hadron interactions
from the spin-averaged CFs [77,78]. For instance, a meas-
urement of the = p CF combined with the scattering cross-
section allows one to pin down the spin singlet and triplet
S-wave N interactions [77]. After fixing the spin 3/2
channel with the lattice QCD simulations [79], the spin 1/2
channel of the p¢ (where ¢ refers to a ground-state vector
meson) interaction, which is strong enough to support the
formation of a bound state, was determined by a constrained
fit to the experimental p¢ CF [78]. In the present work,
assuming that P.(4440) and P_.(4457) are deep and shallow
bound states of £.D*, respectively, we propose to determine
the spins of P.(4440) and P.(4457) by measuring the
~+D™O CFs,

The manuscript is organized as follows: In Sec. II we
provide a brief overview of the formalism to determine the
¥.D"™ interactions and calculate their CFs. In Sec. III, we
explain how to use the X} D) CFs to deduce the £ .D*
interactions of spin 1/2 and 3/2 and therefore help
distinguish the spins of P.(4440) and P.(4457). We end
with a short summary.

II. THEORETICAL FRAMEWORK

In this section, we briefly recall the formalism to derive
the X.D™ interactions and to calculate the corresponding
femtoscopic CFs. In the present work, to derive the £ D)
interactions, we turn to the resonance saturation method
[80]. We note that very recently the spectra of hadronic

'In this work, charge conjugated states are always implied
unless otherwise stated.

molecules composed of charmed and anti-charmed hadrons
have been systemically investigated in this approach, yield-
ing results consistent with those of the majority of other
approaches [81-84].

Following Ref. [82], the I =3/2 and [ = 1/2 £.D™
interactions can be described by two contact terms at
leading order, assuming that they are saturated by the
vector meson exchanges, i.e.,

~ =3 ~ o~ 1 1
Vi2 = 2Ms My 1 frgy <—2+—2> (1a)
w P
~ =1 ~ o~ 1 2
szz = ZMZK.MD(*)ﬂIﬂZQ%/ <_ - _> s (lb)
m2  m}

where My (Mp) and m, (m,,) are the isospin-averaged
masses of the heavy hadrons and the exchanged particles,
respectively. Assuming vector meson dominance, the cou-
pling constants gy, /3, and p, are estimated to be 5.8 [85],
0.9 [86] and 1.74/2 [6,87], accordingly. To compare with
future femtoscopy experiments, we have to work in charge
basis. The potentials in charge basis can be expressed in
terms of those in isospin basis as follows,

2 =3 1o~y
Vi :gvilz"‘gv;zz’ (2a)
1723 2 .51
Vo ==V 2+ 5 V5,0 (2b)
3 3
2 =3 2 -1
Vipo=Vy = \[VI §_£VI : (2¢)

T 11 3 22 »

where the indices v(¢/) = 1,2 represent the D) and
T+t DM channels, respectively. Note that both the 17}/”
and V,, potentials above are in S-wave, and do not contain
any free parameter.

The effects of final-state interactions are encoded in the
relative wave function of the hadron pair of interests, which
is one of two essential components of the femtoscopic
CF [69,70]. In general, there are two ways to obtain the
scattering wave function, either solving the Schrodinger
equation in coordinate space [88,89], or the Lippmann-
Schwinger (Bethe-Salpeter) equation in momentum
space [90.91]. In the present work the X.D*) potentials
are constructed in momentum space, therefore it is more
convenient to first obtain the reaction amplitude 7 by
solving the scattering equation 7 =V + VGT, and then
derive the scattering wave function in the center-of-mass
frame using the relation |w) = |p) + GT|p), where G
and |p) represent the free propagator and the free
wave function, respectively. More specifically, similar
to our recent works [73,91], we use the following
coupled-channel scattering equation to obtain the reaction
amplitude,
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’ , 00 dk//k//z
Tz/u(k7k) = Vv’p'fA,~<kak>+Z 5
P 0 87[
Vo - f/\,:(k/s k//) : T,//,,(k//, k)
EZ(»»V//ED(*>,I/”(\/§ - EEC,V” - ED(*)’DH —+ l€) ’
3)

where /s = Es_,(k) + Epe (k), and Ey pe,(k) =

KM (5N As shown in Eq. (3), in order to avoid

ultraviolet divergence in numerical evaluations, we multi-
ply the potential V,» by a Gaussian regulator
fa, (k. K') =exp[=(k/Ap)* = (K'/Ar)?] to suppress high-
momentum contributions [8,73], where Ay is a cutoff
parameter to be determined. We can then compute the
scattering wave function with the half-off-shell 7-matrix in
the following way,

_ ) oodk/k/Z
Wz/y(ka I") = 51/1/]0(kr) +/ 872
0 VA

Ty, (K k) jo(K'r)
X . b
EZ(.I/’ED(*>,D’ (\/E - EEC,I/ - ED(*),V’ + l€)

(4)

where j, is the spherical Bessel function of angular
momentum / = 0.

The other essential component of the CF is the so-called
particle-emitting source, which characterizes the distribution
of the relative distance r at which the hadron pair of interests
is emitted [69,70]. In this work, we adopt the widely used
static and spherical Gaussian source with a single parameter
R, namely, S;,(r) = exp[—r?/(4R?)]/(2/zR)>. With the
aforementioned two theoretical ingredients, the CF can be
calculated with the Koonin-Pratt formula [92-94]

Clk) =1+ / ® 47r2drS (1)
0

X [Zwul%/y(k, NP =ljokr)?.  (5)

where @,/ is the weight for each individual component of the
multichannel wave function, and the sum runs over all
possible coupled channels. For simplicity we assume that
the weights are the same and equal to 1 in this explor-
atory study.

It is worthwhile to note that in Refs. [72,74,75] the
authors developed a formalism to factorize the scattering
amplitudes outside the integrals and studied the femto-
scopic CFs of the DD* and D )¢ scattering, where ¢ refers
to a Nambu-Goldstone boson.

TABLE 1. Masses of the three pentaquark states, X D(*)0
thresholds, and the corresponding binding energies B (in units
of MeV).

Pentaquark Mass Threshold B

P.(4312) 4311.9 [2] £ D%(4317.5) 5.6
P(4440) 4440.3 [2] 3+ D*0(4459.5) 19.2
P.(4457) 4457.3 [2] T+ D*0(4459.5) 22

III. RESULTS AND DISCUSSIONS

A. Fixing the source size with the X.D
correction function

We first concentrate on the XD interaction because
the P.(4312) state can be viewed as a bound state of .D.
As explained above, the XD interaction obtained in the
resonance saturation model does not contain any free
parameter, leaving the cutoff momentum as the only
unknown parameter to be determined. We thus fine-tune
the cutoff Ap to be 960 MeV to reproduce the exper-
imental mass of P.(4312) [2]. The masses of the penta-
quark states, the thresholds of the £} D) pairs, and the
corresponding binding energies are given in Table I.

The predicted £ D° CF is shown in Fig. 1. The results
are obtained with the contact potentials derived above and a
Gaussian source of R = 1.2 fm. Obviously, there is a
significant suppression in the X D° correlation compared
to unity in a wide range of the relative momentum k, which
is consistent with the low energy behavior of a CF
corresponding to a hadron—hadron interaction capable of
generating a bound state [73]. The contribution from the

12 ——t—r—1—v—1+—+—1—+—

C (k)

.~ — 3D+ D
e - [ c
0.2 M 1 M 1 M 1 M 1 M 1 M
0 50 100 150 200 250 300
Kk (MeV/c)
FIG. 1. X} DO correlation function as a function of the relative

momentum k. The results are obtained with the contact potential
and a Gaussian source of R = 1.2 fm. The dashed line denotes
the correlation function for which only the £} D° contribution
is taken into account, while the solid line includes also the
>+DY — T D~ contribution.
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>+D% — X+t D~ transition leads to a cusplike structure
around k ~ 114 MeV /c, which corresponds to the opening
of the ™D~ channel. In fact, the sizable coupled-channel
effect can be traced back to the strong X D° — XD~ off-
diagonal interaction. The resonance saturation model [81]
adopted in the present work predicts an attractive X.D
interaction for the I = 1/2 sector but a strongly repulsive
¥.D interaction for the I = 3/2 sector. As a consequence,
the off-diagonal interaction in charge basis is even stronger

since it is proportional to \711:% - VS%. One should keep in
mind that we know very little about the I = 3/2 interaction
so far, hence the £ D? — X +D~ coupling strength may
suffer from relatively large uncertainties. Future high
precision measurements of the X} D? CFs, especially near
the coupled-channel threshold, would help to determine the
>+ D" — £+ D~ coupling strength, similar to the studies of
the AN —XN and NK — Ir transition strengths by the
ALICE Collaboration [66,95].

In Fig. 2, we show the source size dependence of the
D" CF. For both small and large emitting sources, the
>+ DP CFs are all between zero and unity, which is similar
to the case of the D°K* system [73]. However, because the
binding energy of the P.(4312) state is only 5.6 MeV, the
>+D CFs in the low-momentum region do not decrease
monotonically with the decreasing source size. The size
dependence is reversed in the small collision system,
which is close to the case of shallow bound states. The
obvious and nonmonotonic source size dependence indi-
cates that the £} D° CF can be utilized to determine the
source size.

Since the spin of the X, is 1/2 and that of the D is 0, only
the spin 1/2 configuration can be probed in the } D° CF.
Once the XD interaction is determined reasonably as done
in this work, the space-time dimension of the emitting
source is the only unknown factor in the femtoscopic study,

1.2 d T d T d T d T d T

0.4 " 1 " 1 " 1 " 1 " 1 "
0 50 100 150 200 250 300

k (MeV/c)

FIG. 2. Source size (R) dependence of the X7 D° correlation
function.

which means that the size of the Gaussian source can be
inferred from the measurement of the £} D° CF. In other
words, the femtoscopic study of the = D? CF can help fix
the source size, which is similar to the measurement of the
proton-proton CF” in studying the hyperon-nucleon and
hyperon-hyperon interactions [53,54]. Previous studies on
the sizes of sources creating various particle pairs found that
by accounting for the effects of strong decays, a common
(core) source can be expressed as a function of the trans-
verse mass [96]. In fact, this core-resonance model has been
successfully employed in several femtoscopic analyses,
such as pQ~ [58], p¢ [62] and pD~ [68]. In the following
analysis, given the rather similar masses of X7 D and
>+ D*0 pairs and the negligible effects of strong decays [68],
it is assumed that these two systems could be characterized
by a common emitting source, which can be first determined
by fitting to the £} D° CF in future experiments and then
used to distinguish the spins of P.(4440) and P.(4457) by
measuring the ;' D*® CFs as shown below.

B. Determination of the spins of P,(4440) and P_(4457)
with the X.D* correlation functions

Although the spins of P.(4440) and P.(4457) are not
yet known, their masses can be used to determine the £_.D*
interaction. In the saturation model adopted here, the
interactions of J¥ = (1/2)~ and J* = (3/2)" are the
same, meaning that the cutoff momentum Ay in the form
factor is the only parameter to determine their strengths.
We fine-tune Ap to be 1067 MeV and 860 MeV to
reproduce the experimental masses of P.(4440) and
P.(4457), respectively, as shown in Table 1. In this work,
we refer to the £.D* potential as moderately (strongly)
attractive if it can dynamically generate the P.(4457)
[P.(4440)] state.

Using the so-obtained moderately and strongly attractive
>+ D*0 interactions, we calculate the corresponding CFs.
As shown in Fig. 3, similar to the £ D° CF, two X} D*°
CFs are both suppressed in a wide range of the relative
momentum k for R = 1.2 fm. However, the coupled-
channel effect in the CF of the moderate attraction is much
larger than that of the strong attraction, which can be traced
back to the difference between the binding energies of
P.(4440) and P.(4457). The opening of the inelastic
>+ D*~ channel leaves a trace in the X} D** CF around
k ~ 102 MeV /c. Although the =} D** — =+ D*~ coupling
strength needs to be further confirmed in a more quanti-
tative way, the qualitative behaviors of the total CFs
calculated with the moderate and strong attractions are
consistent with the expectations, in which the CF for the
shallow bound state is larger than that for the deep bound
state for the same source size, as demonstrated in the
square-well model [73].

*The nuclear force is known with high precision.
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1.2 —r 1
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1.0 attractive
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S . + 5 %0
04l - 2D -
""" —2*'D%+3"D
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k (MeV/c)
FIG. 3. X}D*0 correlation function as a function of the relative

momentum k. The green (light magenta) lines are obtained with
the contact potentials capable of generating P..(4457)[P.(4440)].
The source size is set at 1.2 fm. The dashed line denotes the
correlation function which only receives the = D*? contribution,
while the solid line denotes the correlation function to which the
>+ D0 — =+ D* transition also contributes.

Considering that the spin dependence is not resolved in
the standard measurements of CFs, we have to take the spin
average for comparison with future experiments. Given that
the spins of P.(4440) and P(4457) are not determined, we

can define two spin-averaged X7 D*® CFs as follows:

cP=2c, +1c,,

3 3 (6b)

where C; is the correlation function obtained with the
strongly attractive X.D* interaction and C,, is that obtained
with the moderately attractive interaction, and the super-
script A/B denotes scenario A or B. We recall that in
scenario A P.(4440) and P_(4457) have J* = (1/2)~ and
JP = (3/2)~, respectively, while scenario B denotes the
alternative spin assignments.

The spin-averaged X/ D** CFs and their source size
dependence are shown in Fig. 4. For reference, we also
show the correlation functions calculated with the mod-
erately and strongly attractive interactions without speci-
fied spin. We find that the low-momentum behavior of the
spin-averaged CF in scenario A is different from that in
scenario B. For the small collision systems (R = 0.8 and
1 fm), the results in scenario A are larger than those in
scenario B, while the conclusion is reversed for the large
collision systems (R = 2 and 3 fm). Especially, the differ-
ence in the spin-averaged CFs between scenarios A and B
increases with the decreasing source size. The discrepancy
can be as large as about 0.7 in the low-energy limit
at R = 0.8 fm.

Although at first sight, it seems possible to determine the
spins of P.(4440) and P_.(4457) simply from the features of
the measured X7 D* CFs, it is actually difficult exper-
imentally. The reason is that both scenarios A and B can

a1 2 describe the same experimental X D* CFs using different
C(k) Y CS +3 Cma (63) . . .
3 3 source sizes. For example, as shown in Fig. 4(a) and (b), the
R=1fm B R =2fm B R =3fm b
S
(@]
061 @ T (b) (c) (d) 1
04 L L L L L L L L L L L L L L L L L L L L
0 50 100 150 200 250 300 50 100 150 200 250 300 50 100 150 200 250 300 50 100 150 200 250 300
k (MeVic) k (MeV/c) k (MeV/c) k (MeV/c)
5. scenario A: 1/3C_+ 2/3C C,
A scenario B: 2/3C_+ 1/3C,, C,

FIG. 4. Spin-averaged X D*° correlation function as a function of the relative momentum k for different source sizes R = 0.8, 1,2 and
3 fm, respectively. The blue short-dashed lines represent the spin-averaged results in scenario A, where P.(4440) and P.(4457) have
JP = (1/2)~ and JP = (3/2)~ respectively, while the orange solid lines represent the results in scenario B where P,(4440) and
P.(4457) have J* = (3/2)~ and J© = (1/2)~. For reference, the =} D*? correlation functions calculated with the moderately (strongly)
attractive interactions without specified spin are also shown as the dash-dotted (dashed) lines.
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spin-averaged X} D** CF obtained in scenario A with a
source size R = 1.0 fm is similar to the result obtained in
scenario B with a R = 0.8 fm. To distinguish these two
CFs, high precision is needed experimentally. Thus, it is
better to fix the source size from an independent measure-
ment, such as the aforementioned measurement of ¥ D° CF
in Sec. III. A.

It is worthwhile to note that although all of the above
results are obtained with the interactions provided by the
resonance saturation model, the conclusion that there exist
clear differences between the CFs obtained in the two
scenarios is model independent. In fact, the interaction for
the partial wave which generates P.(4440) is always more
attractive than the one generating P.(4457). According to
Ref. [73], a moderately attractive interaction and a strongly
attractive one may result in completely different low-
momentum behaviors in the CFs for smaller emitting
sources. This is exactly what we found out here. As shown
in Fig 4, the behavior of the CF of the strong attraction can
be classified as one which indicates the existence of a deep
bound state while that of the moderate attraction as one
which indicates the existence of a shallow bound state. For
any other potential, the binding energies of P.(4440) and
P.(4457) are always input quantities. Therefore, once the
source size is determined, as discussed above, one can
discriminate the spins of P.(4440) and P.(4457) by
measuring the 7 D** CFs in pp, pA, and AA collisions.

IV. SUMMARY

We proposed to discriminate the spins of P.(4440) and
P.(4457) with femtoscopic correlation functions. We first
evaluated the £.D™) interactions by reproducing the masses
of P.(4312), P.(4440), and P.(4457) in the resonance
saturation model, and then calculated the corresponding

D™ correlation functions for the first time. The X D°
correlation function exhibits an obvious and nonmono-
tonic source size dependence, which can be used to
constrain the size of the emitting source of the X} D°
and X} D*0 pairs. Because the low-momentum behaviors
of the = D*0 correlation function calculated with a strong
2+D*0 attraction are significantly different from those
calculated with a moderate X} D*° attraction, especially in
the case of a small collision system, there are significant
differences in the spin-averaged X} D* correlation func-
tions. Thus, we suggest to determine the spins of P.(4440)
and P.(4457) by measuring the X D*° correlation func-
tions in pp, pA, and AA collisions. It is important to note
that the proposed method is model independent, which is
determined by the experimental binding energies of
P.(4440) and P_.(4457), as well as the general features
of the femtoscopic correlation functions. The method
studied in this work can be applied to probe the spin
dependence of other hadron-hadron interactions.
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